Introduction
Influenza A (H7N9) was first detected among humans in eastern China in February 2013 and, as of 7 December 2014, had caused 453 laboratory-confirmed clinical human infections with 178 deaths in China, according to the Chinese Center for Disease Control and Prevention (Chinese CDC). The virus is a reassortant of avian H7, N9 and H9N2 strains [1] with evidence of the capacity to bind to mammalian cells [2, 3] and limited airborne transmission in animal models [4, 5] . Currently, the virus is not pathogenic in birds, but highly pathogenic and virulent in humans [6] [7] [8] [9] . Normally, the influenza season in humans in the northern hemisphere runs from October to April with some variation in timing [10, 11] . After a relative hiatus in the number of human H7N9 cases over the summer of 2013 in China (e.g. only two cases reported in July 2013), a second large wave of cases appeared, starting in October 2013 [12] .
While the ongoing sporadic reporting of cases (per communication with the Chinese CDC) implies the H7N9 virus has not yet reached the stage of efficient human-to-human transmission, an animal model has shown another H7 virus was able to transmit among co-housed ferrets without much loss of virulence, with a few mutations obtained after 10 serial passages [13] . It is therefore highly relevant to assess the risks of human-to-human transmission using available data.
The household is a setting well suited to investigating human-to-human transmission of many infectious agents, including influenza viruses [14] . So far, no quantitative analysis of household transmission of H7N9 virus has been reported, though qualitative epidemiological descriptions of possible transmissions in a few families with more than one laboratory-confirmed case have been presented [15] [16] [17] [18] . We use household information on laboratory-confirmed cases collected by the Chinese CDC to estimate the household secondary attack rate (SAR), i.e. the probability that a typical index case infects a given household member. In addition, the basic reproductive number, R 0 , defined as the number of people a typical infected person would infect in a completely susceptible population, is estimated from the SAR in conjunction with assumptions about the contribution of schools and the general community relative to households in future epidemics. Other investigators estimated R 0 to be 0.10 using the sequence of reported cases during the spring outbreak of 2013 [19] . We provide the first rigorous evaluation of R 0 based on transmissibility in the household setting.
Methods

Household study
Contact data were collected by the Chinese CDC on households with laboratory-confirmed symptomatic cases over the two distinct waves of the epidemic, 125 households during the first wave in the spring of 2013, and another 187 households from the second wave in the winter and spring of 2013-14, offering a unique opportunity to examine the potential change in humanto-human transmissibility of the virus. This investigation was part of the public health emergency response of Chinese CDC, and therefore no informed consent of the household members was required.
A household in this study was defined as a group of related family members living in the same building structure and in daily close contact with each other (our definition of close contact is given below). The case definitions for clinical and confirmed human infections with H7N9 were similar to the H5N1 case definitions suggested by the World Health Organization in 2006. Data of both laboratory-confirmed clinical cases and their close contacts, including household members, were obtained from a review of medical records and interviews with relatives, contacts and health-care providers. Close contacts of a confirmed case were monitored for seven days for symptoms, and throat swabs were collected from contacts with respiratory symptoms for laboratory testing. Throat swabs were also collected from some close contacts without symptoms. Details of the case definition, laboratory methods and data collection were described previously [18] .
Households of laboratory-confirmed clinical cases from all 10 provinces (Shanghai, Zhejiang, Jiangsu, Anhui, Jiangxi, Shandong, Beijing, Henan, Hunan and Fujian) affected by the first wave were included. Households from three provinces (Zhejiang, Hunan and Guangdong) affected by the second wave during October 2013 to March, 2014, were added. Age, sex and dates of symptom onset, hospitalisation, death and recovery (if known) were collected for all family members. In addition, the following types of contact with the index case were recorded for each family member: (i) dining together; (ii) living in the same housing unit; (iii) sharing utensils, towels, toys, etc.; (iv) having contact with excreta (excrement and urine) of cases; (v) providing care; (vi) visiting; and (vii) other contacts. We define close contact as all contact types except for (vi) and (vii). Non-close contacts were excluded from our analysis.
Natural history of avian influenza A(H7N9) in human cases
There is limited information on the natural history of infection in humans caused by the H7N9 virus, as the exposure dates cannot be clearly identified for most cases. However, to estimate transmission probabilities, distributional assumptions often have to be made about the natural history, in particular the distributions of the incubation period (i.e. time from infection to the onset of influenza symptoms), the latent period (i.e. time from infection to the onset of infectiousness) and the infectious period (i.e. time that an infected person is infectious to others). However, there are little data about these periods.
Incubation and latent periods
Cowling et al. estimated the mean incubation period of H7N9 to be 3.1 days [6] . Chen et al. reported a 3-, 6-and 8-day lag between last exposure to live poultry and symptom onset in three patients, an average of 5.8 days [20] . Huang et al. found even longer incubation periods, a median of six days (range: 2-10) among 10 patients with a single self-reported exposure day and 7.5 days among 12 patients with multiple self-reported exposure days [21] . In contrast, former results about historical seasonal influenza suggested average incubation periods of those viruses of around two to three days [22] . We consider three possible distributions for our analysis (upper panel of Table 1 ). For the primary analysis, we adopt a minimum (d min ) of two days and a maximum (d max ) of eight days, with a probability mass distribution of For influenza, the latent period and the incubation period are similar [23] , and we assume the two periods overlap.
Infectious period
While the average time from symptom onset to recovery could be as long as 15 days (based on the surveillance data provided by the Chinese CDC), the actual duration of the infectious period is likely to be much shorter. For seasonal influenza, symptoms usually resolve in a week, and previous studies on seasonal and pandemic influenza A (H1N1) suggested a likely range of 7-10 days after symptom onset for the viral load to become undetectable [24] [25] [26] . Information on pathological and immunological response regarding the avian H7N9 is scarce. In a study of mice infected with H7N9 virus isolated from humans and ducks, viral titres were not detectable after day 8 post infection [27] .
We explore three settings for the infectious period, each setting given by a fixed duration with decaying relative infectivity (lower panel of Table 1 ). We assume the infectious period starts from the day of symptom onset (day 1). The medium setting is adopted for the primary analysis, i.e. the duration of the infectious period is D = 10 days, and the relative infectivity levels are This setting gives a mean serial interval of approximately 9.4 days, slightly longer than the crude estimate of 7.5 days (see Results).
Human-to-human transmissibility
A likelihood-based statistical transmission model is used to test the hypothesis of no human-to-human transmission and to estimate the SAR and R 0 [22, 28] . Suppose we observe an epidemic from day 1 to day T among a population of N individuals in H households. Person-to-person transmissibility of the virus is measured by the probability that an infectious person infects his or her susceptible household contact in one day, denoted by p. The transmission probability can be adjusted for covariates via a logistic regression model given by where is the vector of covariates associated with an infectious person j and a susceptible person i on day t. We let β be the vector of coefficients, where e β is interpreted as the odds ratios. To account for exposure to an environmental reservoir such as poultry and to unknown casual contacts with human sources outside of the household, we assume that a susceptible person is infected by external sources during one day with probability b. Suppose that we have observed households ascertained by index cases. Let h(i) be the collection of members of the household of individual i, and let be the symptom onset day of individual i. Then, the probability that susceptible individual i escapes infection during day t is Where (k) is the relative infectiousness of day k of the infectious period. We define to be the collection of observed symptom onset days of all members in the household of individual i. Let θ(k) be the probability that the incubation period is k days. The likelihood contribution of individual i is We embed the same likelihood structure in a resampling-based approach to test the null hypothesis H 0 : p = 0 [29] .
The SAR over an infectious period of D days is
The SAR specific to a covariate value X is given by replacing p with logit
To estimate R 0 , the fact that the probability of becoming an index case differs across age groups has to be considered, as it is known that older people have a higher chance of visiting high-risk areas such as live poultry markets [6, 30] . For a population partitioned into three age groups: 0-19, 20-59 and ≥ 60 years, the basic reproductive number is given by Where π j is the probability that an index case belongs to age group j, n j the average household size if the index case is from age group j, and ρ S and ρ C are the relative contact frequencies of an infectious person in school and the community compared with within household, respectively. The community refers to all places other than households and schools where transmission occurs. Lacking the data to determine the ρ S and ρ C specific to China, we use the information in a previous study of influenza A(H1N1)pdm09 in the United States [22] , where the plausible ranges for the local reproductive numbers in households (R H ) and schools (R S ) were 0.6-0.9 and 2.0-2.5, respectively, and the corresponding range for ρ S =R S /R H was 2-4, which is used in our analysis. Another previous study of influenza pandemics in the United States showed that the community at large generally accounts for somewhat fewer transmissions of influenza virus than within households [14] . The values 0, 0.5 and 1.0 were used for ρ C in the A(H1N1)pdm09 study [22] . In our analysis for H7N9, we use 0.5, 1.0 and 1.5 for ρ C to reflect the higher population density in public places in China.
We estimate π j using a conditional Poisson model, in which temporal and spatial heterogeneity are controlled for by aggregating the data by appropriate location and time, e.g. by prefecture and week. Let J a n 1 3 J a n 2 0 J a n 2 7 J a n Y ktj be the number of cases in age group j in prefecture k with symptom onset during week t. We assume with the intensity where N kj is the population size in age group j of prefecture k, and exp(γ kt ) is the rate of a single person in the reference age group of prefecture k becoming a case during week t. For the parameters to be identifiable, we set β 3 = 0, i.e., setting the age group ≥ 60 years as the reference group. Results are based on the assumption of b = 0 (i.e. ignoring poultry-to-human transmission) and stratified by the duration of the incubation and infectious periods (duration settings are given in Table 1 ) and the relative contact frequency between a case and their household members within a hospital compared with within the household (α). Relative contact frequencies in schools and the community are set to ρS= 3 and ρC = 1. The test of p = 0 (no human-to-human transmission) is performed when α = 1.
Results
We collected household data for 130 laboratory-confirmed clinical cases in 125 households in 10 provinces for February to May 2013 and for 196 laboratory-confirmed clinical cases in 187 households in Hunan, Zhejiang and Guangdong provinces for October 2013 to March 2014. The epidemic curves of the cases in these households during the two waves are shown in Figure 1 (panels A and B). Interestingly, multi-case households appeared from the very beginning of the 2013 wave. After excluding households without close contacts, 118 cases in 113 households in the first wave and 190 cases in 181 households in the second were used in this analysis. There was an asymptomatic infection identified in one household in the first wave, but this person was considered a non-case in our analysis; i.e., we only focus on laboratory-confirmed infections with clinical symptoms, because (i) it is not clear whether asymptomatic hosts can transmit the virus or not, and (ii) probably not all asymptomatic infections were detected.
Under the assumption that all non-index cases were infected by the index cases, an estimate of the mean serial interval is 7.5 days (95% confidence interval (CI): 4.9 to 9.0). There was no difference in the distribution of the serial interval between the two waves (p value = 0.31 based on the two-sample Wilcoxon test). Using the transmission model, we first test the hypothesis of no human-to-human transmission, and we then estimate the SAR and R 0 without adjusting for any covariate ( Table 2 ). The estimation of R 0 is based on the estimates of and obtained from the conditional Poisson model. In addition to taking into account the uncertainty in the natural history of disease, the results are also stratified by the relative contact frequency between a case and his or her household members within a hospital compared with within the household, denoted by α. When α is assumed unknown, its estimate varies dramatically from well below one to well above one, depending on the assumption about the natural history of disease. This indicates a lack of information about α in the data. Consequently, we assume α is known and examine results at three levels of α: 1.0, 0.5 and 0.1, based on the rationale that a family member was more likely to be cautious in having contact with an infected person who was hospitalised. Hypothesis testing is performed only under α = 1. The statistical evidence for humanto-human transmission is significant for most plausible distributions of the incubation and infectious periods except when both of them are short or both are long. The daily probability of infection by external sources, b, is estimable only under the setting of both the incubation and infectious periods being short. In all other settings, the maximum likelihood estimate (MLE) of b is given by the boundary value 0. As a result, we set b = 0 for estimating SAR and R 0 in the primary analysis. Given α = 1, regardless of the assumption of the natural history, the estimates for SAR and R 0 are generally low and stable. Using median incubation and infectious periods as the primary setting, we estimate SAR as 1.4% (95% CI: 0.8 to 2.3) and R 0 as 0.08 (95% CI: 0.05 to 0.13), respectively, i.e. the probability that an H7N9 case infects another household contact is 0.014, and an H7N9 case infects an average of 0.08 other people. Lower values of α correspond to slightly higher estimates for SAR and R 0 , and the estimates appear higher with longer infectious periods but are insensitive to the incubation period. With α = 0.1 and a long infectious period, the estimates reach 2.2% for SAR and 0.12 for R 0 . The interpretation of the estimates for SAR and R 0 under α < 1 is limited to the household setting, i.e. as if the infected person will not be hospitalised.
The above results assume the relative contact frequencies in schools and the community are fixed at ρ S = 3 and ρ C = 1. A sensitivity analysis for R 0 with respect to ρ S and ρ C is shown in Figure 2 , where three levels chosen from previous work [22] are considered for each parameter. These estimates are not sensitive to ρ S , but are sensitive to ρ C , which is likely due to the fact that ρ S is only associated with children and children are the least exposed to the environmental reservoir as compared with other age groups. Under long incubation and infectious periods and α = 0.1, ρ C = 1.5 could yield estimates as high as 0.15 for R 0 . On the other hand, under short incubation and infectious periods, α = 1, and ρ C = 0.5, the estimate for R 0 could be as low as 0.05. Overall, R 0 is well below one, so that sustained person-to-person transmission will not take place.
With limited data about secondary transmission, we examine whether the household transmissibility of the virus changed between the two waves. In addition, possible heterogeneity in the risk of infection from a human source between the sexes and between age groups (adults (18 years or older) versus children (under 18 years)) are tested using the logistic regression in the chain binomial model. The results are summarised in Table 3 , suggesting that the estimated odds ratios of within-household secondary transmission are relatively robust to assumptions about the natural history of the disease and the relative contact frequency in the hospital versus in the household. None of these factors have a significant effect on secondary transmission, possibly due to the lack of a sufficient number of secondary transmissions. However, males appeared to have a somewhat higher risk of infection from a human source compared with females, the odds ratio being 2.24 (95% CI: 0.69 to 7.26), though not statistically significant, under a medium length of incubation and infectious periods and α = 1. There was no significant difference in the risk between adults and children, the odds ratio being 0.66 (95% CI: 0.20 to 2.19). The odds ratio between the second and the first waves was 1.3 (95% CI: 0.4 to 4.27), suggesting the virus did not gain much human-to-human transmissibility between the two waves.
Two of the families in the second wave may have had multiple index cases, since symptom onsets in the first and second cases were only two days apart, and both cases were believed to have had exposure to live poultry. A sensitivity analysis was performed assuming the first two cases in each of these two families were both index cases. This assumption of multiple index cases removes the short serial intervals, leading to a longer mean serial interval of 8.4 days (95% CI: 6.8 to 9.6).
In the setting of medium-length incubation and infectious periods and α=1, estimates for the SAR and R 0 are slightly lowered, to 1.2% (95% CI: 0.68 to 2.1) and 0.067 (95% CI: 0.038 to 0.12), respectively. The differences in transmissibility between waves and in the risk of infection between adults and children further diminish with the odds ratios, to 1.0 (95% CI: 0.29 to 3.48) and 0.93 (95% CI: 0.25 to 3.51), respectively. Table 1 ), the relative contact frequency between a case and their household members within a hospital compared with within the household (α), and the relative contact frequencies in schools and the community, ρS and ρC. Bars represent 95% confidence intervals.
Thus far, we have assumed b = 0 , i.e. all secondary cases were infected by the index cases. To assess how sensitive the estimates of SAR and R 0 are to the value of b and to allow for the possibility of imported cases during each household outbreak, another set of analyses were conducted with b = 9.67 × 10 −5 , the only non-zero MLE obtained when both the incubation and infectious periods are short. As expected, the estimates of both the SAR and R 0 are slightly lowered (Table 4) . The ranges of the point estimates are 1.1-2.0% for the SAR and 0.06-0.11 for R 0 , compared with 1.3-2.2% and 0.07-0.12, respectively, when b = 0. Large values for b would further reduce the estimates of SAR and R 0 but may not be reasonable assumptions as b is generally much smaller than p and the estimates of p in our analyses are at the 10 −3 scale.
Discussion
We found statistical evidence of human-to-human transmission of the avian influenza A (H7N9) virus, but it is clear that such transmission is not sustainable. Our estimate of the household SAR is below 2%, and the estimate of R 0 = 0.08 is way below the threshold 1. In contrast, for seasonal human influenza, the estimates for the household SAR mostly range from 10% to 30% [22] , and the R 0 estimates vary from 1.1 to 1.6 Results are based on the assumption that the daily probability of infection by external sources (b) = 0 (i.e. ignoring poultry-to-human transmission) and stratified by distributions of the incubation and infectious periods (duration settings are given in Table 1 ) and the relative contact frequency between a case and their household members within a hospital compared with within the household.
[31]. For past pandemic influenza strains, R 0 estimates are somewhat higher, e.g. from 1.3 to 1.7 for A(H1N1) pdm09, 1.5 to 1.8 for H2N2 and H3N2 in the late 1950s and 60s, and 1.8 to 2.4 for H1N1 in 1918 [22, 32] . Our R 0 estimate for H7N9 is similar to a previous estimate of 0.10 [19] . However, our estimate is based on comprehensive household data covering two epidemic waves and partially accounts for heterogeneity in clustering pattern across age groups, whereas the previous estimate was made using only data from the first wave under the simplified but unrealistic assumption of random mixing of the whole population. Our estimate is relatively robust to uncertainty in the natural history of the disease but is somewhat sensitive to the relative transmission intensity in the community at large. Obtained via a Bayesian approach, the previous estimate had a credible interval of 0.01 to 0.49, much wider than our CIs, even with the uncertainty in ρ C and ρ S factored in, and was sensitive to the prior distribution of R 0 . In addition, we provide the first estimate for the household SAR, which could be useful in future simulation studies involving household transmission.
In the resampling-based testing of p = 0, we implicitly assume that b is constant over time. This assumption is unlikely to be true, as the exposure to zoonotic infection was substantially reduced when live poultry markets were closed in heavily affected areas from midApril to June in 2013 and from late January to February in 2014 to control the spread [33] . Due to the difficulty of the resampling-based test in handling covariates, we used an asymptotic test [34] to address this issue. The effect of market closure on b has to be assumed known to implement this test, and we explored three values for the odds ratio (1.0, 0.5 and 0.1) for market closure versus without closure. The value of 0.1, or 90% reduction, is close to previous estimates [33] . The p values are all less than 0.001, consistent with the statistical significance of human-to-human transmission.
However, the significance level should not be overinterpreted, as the asymptotic test may not be suitable for sparse data [29] .
We did not find statistical evidence for sex or age differences in the risk of human-to-human transmission, which could be due to the lack of power to detect such differences. Higher risk of poultry-to-human transmission in males was previously noticed during the first wave [6] and was also reflected in the male-to-female ratio of index case numbers in our household data: Results are based on the assumption that the daily probability of infection by external sources (b) = 9.67 × 10 −5 and are stratified by the duration of the incubation and infectious periods (duration settings are given in Table 1 ) and the relative contact frequency between a case and their household members within a hospital compared with within the household (α). Relative contact frequencies in schools and the community are set respectively to ρS = 3 and ρC = 1.
88/37 during the first wave and 124/65 during the second. One hypothesis for such a difference between the sexes is that in the Yangtze River Delta, in particular Shanghai, where the first wave originated from, old men more frequently visit live poultry markets than women. In our analysis, male household contacts appeared to have a somewhat higher risk of infection than female contacts. If this sex difference was true, it might imply that the majority of non-index cases were infected by zoonotic rather than human sources. On the other hand, if there were truly no age difference, it implies that most non-index household cases were infected by human sources, or otherwise more adult non-index cases would have been observed in households, because adults were believed to be more prone to infection by poultry due to increased exposure [6, 30] . The lack of age difference in human-to-human transmission is also consistent with the fact that most people were naive to this novel virus [35] . More household data in future outbreaks should be collected to re-examine the sex and age effects on the human-tohuman transmissibility of the virus.
Our analysis could be improved if we had genetic sequences and/or exposure and contact tracing information to help narrow the source of infection. Genetic linkage has been established in a couple of households included in our data [15] [16] [17] . However, similar viral genetic sequences do not necessarily imply humanto-human transmission, as the same virus could have been contracted from the same animal source. On the other hand, a certain level of heterogeneity in genetic sequences would imply impossible direct transmission pairs. Exposure and contact tracing information was obtained for some but not all cases in our study, but such data lack details and are subject to recall bias. Moreover, simultaneous testing of both human cases and possible animal sources would be helpful, but it is often difficult to trace the animal source, e.g. poultry purchased as food, or to coordinate between administrative units in charge of human health and those responsible for animal surveillance.
The human-to-human transmissibility of H7N9 remained not only limited but also temporally stable. We observed only a minor increase in the SAR estimates between the two successive waves, which is likely just a stochastic effect. However, some recent studies suggested genetic changes in the RNA segments of NS, NP and PB of the viral samples in Guangdong Province of southern China during the second wave as compared with sequences in eastern and central China from the first wave [36] . In addition, these segments are similar to the influenza A(H9N2) viruses circulating in the same province, giving rise to concern about reassortment of H7N9 with viruses that could lead to more efficient human-to-human transmission. Therefore, the efforts on collecting and analysing household transmission data should be continued in addition to the routine surveillance and contact tracing. Should human H7N9 transmissibility increase to the level of that of seasonal human influenza, it would be very important to deploy antivirals agents and vaccines in areas where human cases are occurring. Human H7N9-inactivated vaccines are being developed by government agencies and private pharmaceutical companies [37] . These vaccines are currently in phase I and II safety and immunogenicity trials. The use of antiviral agents and vaccines needs to be incorporated into a comprehensive programme for the assessment of transmissibility and intervention effectiveness.
